Protein ubiquitination is a core regulatory determinant of neural development. Previous studies have indicated that the Nedd4-family E3 ubiquitin ligases Nedd4-1 and Nedd4-2 may ubiquitinate phosphatase and tensin homolog (PTEN) and thereby regulate axonal growth in neurons. Using conditional knockout mice, we show here that Nedd4-1 and Nedd4-2 are indeed required for axonal growth in murine central nervous system neurons. However, in contrast to previously published data, we demonstrate that PTEN is not a substrate of Nedd4-1 and Nedd4-2, and that aberrant PTEN ubiquitination is not involved in the impaired axon growth upon deletion of Nedd4-1 and Nedd4-2. Rather, PTEN limits Nedd4-1 protein levels by modulating the activity of mTORC1, a protein complex that controls protein synthesis and cell growth. Our data demonstrate that Nedd4-family E3 ligases promote axonal growth and branching in the developing mammalian brain, where PTEN is not a relevant substrate. Instead, PTEN controls neurite growth by regulating Nedd4-1 expression.
I
n the mammalian cerebral cortex, the development and function of postmitotic neurons are tightly regulated by multiple signaling mechanisms such as protein and lipid phosphorylation, Ca 2+ signaling (1, 2) , and protein ubiquitination (3, 4) , which often intersect to regulate the same target process or effector protein. A paradigmatic example in this context is phosphatase and tensin homolog (PTEN). PTEN is a lipid phosphatase that converts phosphatidylinositol-3,4,5-trisphosphate (PtdInsP 3 ) into phosphatidylinositol-4,5-bisphosphate (PtdInsP 2 ) and antagonizes phosphoinositide 3-kinase (PI3K)-dependent signaling (5) . PTEN plays a prominent role in neuronal development (6), acts as a major tumor suppressor, and regulates numerous additional cellular events in various cell types (5) . In keeping with its prominent and diverse functions, PTEN is tightly regulated at the transcriptional and posttranslational levels (7) . With regard to posttranslational modifications that regulate PTEN, ubiquitination is of particular interest. It is thought to involve K48-linked polyubiquitination and proteosomal degradation and K63-linked polyubiquitination or monoubiquitination, which were proposed to affect the function and subcellular compartmentalization of PTEN (8) (9) (10) .
Nedd4-1 (neural precursor cell expressed, developmentally down-regulated 4-1) was the first E3 ligase to be implicated in PTEN ubiquitination. Initial evidence in this regard was based on in vitro biochemical assays (9) . Additional studies indicated that Nedd4-1 may catalyze the mono-and polyubiquitination of PTEN, leading to nuclear import of PTEN and PTEN degradation, respectively (8) . In the mammalian cortex, down-regulation of PTEN causes aberrant proliferation of neural progenitor cells, defects in neuronal polarity establishment, hypertrophy of neuronal cell bodies, and excessive neurite growth (11) (12) (13) (14) . On the other hand, KO of Nedd4-1 in postmitotic hippocampal and cortical neurons impairs dendrite growth (15) , indicating that PTEN and Nedd4-1 may have antagonistic functions in the control of dendrite growth. Further studies based on RNAi-mediated knockdown (KD) of PTEN and Nedd4 supported the notion of a key role for Nedd4-mediated PTEN degradation in axon growth in Xenopus laevis retinal ganglion cells and mammalian peripheral nervous system neurons (16, 17) . However, the issue of regulation of PTEN by Nedd4-1-mediated ubiquitination has been controversial. For example, our previous work showed that Nedd4-1 KO or Nedd4-1 KD does not affect the nuclear import or stability of PTEN (18) , and several other groups identified alternative E3 ligases for PTEN, including XIAP, WWP2, and CHIP (19) (20) (21) .
We demonstrate here that the Nedd4-family E3 ligases Nedd4-1 and Nedd4-2 promote axon growth in mammalian central nervous system neurons. This function does not involve changes in the Significance Neurons develop processes called neurites to form defined networks. Neurite growth is regulated by many intracellular signaling pathways, among which signaling via phosphatase and tensin homolog (PTEN) is of particular relevance because it controls the translation of a substantial subset of mRNAs that encode proteins with a role in neurite growth. Previous studies indicated that the E3 ubiquitin ligases Nedd4-1 and Nedd4-2 may ubiquitinate and negatively regulate PTEN in various cell types, including Xenopus laevis retinal ganglion cells. We report a strikingly inverted scenario, according to which Nedd4s are dispensable for ubiquitination of PTEN in mammalian central nervous system neurons. Instead, Nedd4-1 mRNA is one of the most important targets of PTEN-dependent signaling in the regulation of neurite growth.
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The authors declare no conflict of interest. *This Direct Submission article had a prearranged editor. expression, ubiquitination, localization, or phosphatase activity of PTEN. Instead, PTEN suppresses Nedd4-1 expression at the translational level by negatively regulating mTORC1 activity, and the regulation of neurite growth by PTEN and mTORC1 requires endogenous Nedd4-1.
Results
KO of Nedd4-1 and Nedd4-2 Causes Defects in Axon Growth. Mammalian Nedd4-1 promotes the growth and arborization of dendrites by monoubiquitinating Rap2 (15) . An independent study indicated that X. laevis Nedd4, which is most homologous to mammalian Nedd4-2, controls axon branching in retinal ganglion cells by polyubiquitinating PTEN (16) . Consistent with the latter study, deletion of Nedd4-2 resulted in a reduction of neurite complexity in mammalian neurons (Fig. S1 ). To study the roles of Nedd4-1 and Nedd4-2 in axonal development in mammalian neurons, we analyzed postmitotic neuron-specific Nedd4-1 and Nedd4-2 conditional double KO mice (NEX-Cre;Nedd4-1 f/f ; Nedd4-2 f/f , hereafter NEX-N1/2 f/f ). The NEX-N1/2 f/f mice are viable and show no obvious behavioral alterations in the cage environment. We prepared primary cultured hippocampal neurons from control and NEX-N1/2 f/f mice to study axon morphology. . We further used in utero electroporation to study the roles of Nedd4-1 and Nedd4-2 in axonal morphogenesis in vivo. Axonal morphology was visualized by overexpressing a membrane-anchored variant of the Venus yellow fluorescent protein (myrVenus), and Nedd4-1/Nedd4-2 were eliminated by coexpression of Cre recombinase (Cre) in Nedd4-1 f/f ;Nedd4-2 f/f embryos. Most of the myrVenus-expressing neurons migrated properly to the upper cortical layers of the ipsilateral side independent of Cre expression, indicating that Nedd4-1 and Nedd4-2 are dispensable for neuronal migration (Fig. 1D ). Both the control and the Nedd4-1;Nedd4-2 double KO neurons projected axons to the contralateral side of the cortex, but the extent of axon invasion as assessed by myrVenus signal intensity was lower with Nedd4-1;Nedd4-2 double KO neurons ( Fig. 1 D and E) . Callosal axons branched specifically in layers II/III and V on the contralateral side (Fig. 1E) . Interestingly, we observed a significant reduction of axonal branching in Nedd4-1;Nedd4-2 double KO neurons (Fig. 1 E-G) . This reduced axonal branching in vivo was not due to a major dysfunction or increased apoptosis of neurons caused by Nedd4-1/ Nedd4-2 deletion, because the number of neurons was normal in a given cortical area of NEX-N1/2 f/f brains, although we observed a reduced cortical thickness (Fig. S2 D-G) . Taken together, our in vitro and in vivo results indicate that the Nedd4-family E3 ligases Nedd4-1 and Nedd4-2 play an evolutionarily conserved role in the regulation of axon morphogenesis.
PTEN Is Neither Poly-nor Monoubiquitinated by Nedd4-1/Nedd4-2 in Developing Mammalian Neurons. Given previous reports that Nedd4-1/Nedd4-2-dependent ubiquitination targets PTEN for proteasomal degradation in various tissues and organisms (9, 16, 17) , we examined whether PTEN is a substrate of Nedd4-family E3 ligases in axon growth regulation in the mammalian brain. We first studied PTEN protein levels in developing control and Nedd4-1;Nedd4-2 double KO neurons. Despite the fact that mammalian Nedd4-1/Nedd4-2 are important for axon growth ( Fig. 1) , we did not detect any up-regulation of PTEN in cultured neurons at DIV8 upon Nedd4-1/Nedd4-2 deletion ( Fig. 2 A and B and Fig. S3 ) or in brain lysates prepared from NEX-N1/2 f/f mice (Fig. S4) . Rather, the PTEN protein levels were significantly reduced in Nedd4-1;Nedd4-2 double KO neurons at DIV15 (Fig. 2 A  and B) , indicating that Nedd4-1/Nedd4-2 are dispensable for proteasomal degradation of PTEN in developing mammalian neurons. To confirm that PTEN is not polyubiquitinated by Nedd4-1/Nedd4-2 in developing neurons, we immunoprecipitated endogenous PTEN from lysates of cortices prepared from postnatal day (P)7 control and NEX-N1/2 f/f mice. The ubiquitination level of PTEN was then assessed by Western blotting using antiubiquitin antibodies. No reduction in PTEN polyubiquitination levels was observed in NEX-N1/2 f/f brains ( Fig. 2 C and D) , further supporting the notion that PTEN is not polyubiquitinated by Nedd4-1/Nedd4-2 in developing neurons. In view of reports that monoubiquitination by Nedd4-1 causes nuclear import of PTEN in mouse embryonic fibroblasts (8), we also compared the subcellular localization of PTEN in control and NEX-N1/2 f/f neurons by immunostaining using a specific antibody for endogenous PTEN (Fig. S5A) . Neither the subcellular localization nor the nuclear compartmentalization of PTEN was affected by Nedd4-1/ Nedd4-2 deletion (Fig. S5 B-E), indicating that PTEN localization is not regulated by Nedd4-1/Nedd4-2-mediated monoubiquitination in mammalian developing neurons. Moreover, we assessed the phosphatase activity of immunoprecipitated PTEN with an in vitro phosphatase assay. We titrated different amounts of the anti-PTEN antibody for immunoprecipitation and measured the activity of PTEN immunoprecipitated from control or NEX-N1/2 f/f mice at the nonplateau phase of the assay, where the readout of PTEN activity was not saturated (Fig. 2E ). Under these assay conditions, the phosphatase activity of PTEN was unaltered in NEX-N1/2 f/f brains (Fig. 2F) . Our data indicate that Nedd4-family E3 ligases do not ubiquitinate PTEN, control PTEN localization, target PTEN for proteasomal degradation, or affect the phosphatase activity of PTEN in developing mammalian neurons.
PTEN Acts as a Negative Regulator of Nedd4-1 Expression at the Translational Level. Although we excluded the possibility that PTEN acts as a downstream target of Nedd4-1/Nedd4-2 in the regulation of axon growth, several lines of evidence indicate an inverse correlation between the expression levels of Nedd4-1 and PTEN (9, 22, 23) . These findings are compatible with the notion that PTEN may act as an upstream negative regulator of Nedd4-1 or Nedd4-2 expression. To test this, we studied the levels of Nedd4-family E3 ligases in control and PTEN KO neurons. Of note, Nedd4-1 protein levels were significantly up-regulated in the absence of PTEN whereas Nedd4-2 levels were unaltered, indicating that PTEN acts as an upstream negative regulator of Nedd4-1 expression in developing neurons (Fig. 3A , Left two lanes). We further investigated the involvement of molecules acting downstream of PTEN-dependent signaling in the regulation of Nedd4-1 expression. Among those downstream signaling proteins (5, 24), we focused on mTORC1 (serine/ threonine protein kinase mammalian target of rapamycin complex 1), because it was reported to control dendrite growth (25) . We treated control and PTEN KO neurons with the mTORC1 inhibitor rapamycin, and found that the up-regulation of Nedd4-1 in PTEN KO neurons was reverted by rapamycin ( Fig.  3 A and B) , indicating that mTORC1 activity is required for PTEN-dependent regulation of Nedd4-1 levels. In wild-type neurons, rapamycin treatment caused a corresponding reduction in Nedd4-1 expression (DMSO, 1.00 ± 0.06; rapamycin, 0.53 ± 0.08; P = 0.0102, unpaired t test, n = 3 per group). We further observed an up-regulation of Nedd4-1 expression in brain lysates from PTEN conditional KO mice (GFAP-Cre;PTEN f/f ), indicating that the regulation of Nedd4-1 expression by PTEN is also operational in vivo (Fig. S6) . Because PTEN deletion did not affect Nedd4-1 mRNA expression levels (Fig. 3C) , we investigated whether PTEN regulates Nedd4-1 mRNA translation. Actively translating polysomes and silent messenger ribonucleoproteins (mRNPs) were isolated from cultured control and PTEN KO neurons using a continuous sucrose gradient. Nedd4-1 mRNA was more strongly associated with the polysomal fraction in PTEN KO neurons as compared with control cells. Similar findings were obtained for Rpl13a mRNA, as shown previously (26), whereas the polysomal association of Nedd4-2 and GAPDH mRNAs was not changed in (E) Quantification of the relative translational efficiency of Nedd4-1, Rpl13a, Nedd4-2, and GAPDH mRNAs reported as the ratio of polysome-associated mRNAs over total mRNAs. **P = 0.004, *P = 0.018, unpaired t test, n = 3. Rpl13a was used as a positive control (26) , whereas GAPDH was a negative control. (F) Neurons (DIV8) were incubated with cycloheximide (CHX; 50 μg/mL) for different durations as indicated, and the Nedd4-1 level was assessed by Western blotting. The remaining Nedd4-1 level over time showed no difference between the two groups, indicating that the stability of Nedd4-1 protein is not affected in PTEN KO neurons. Data are expressed as mean ± SEM. 
f/f . *P < 0.05, ***P < 0.001.
PTEN KO neurons (Fig. 3 D and E) . Because Nedd4-1 protein stability is not changed in PTEN KO neurons (Fig. 3F) , increased Nedd4-1 mRNA translation is the likely cause for the observed increase in Nedd4-1 protein levels ( Fig. 3 A and B) . These results indicate that the PTEN-mTORC1 pathway functions upstream of Nedd4-1 to negatively regulate Nedd4-1 mRNA translation in developing mammalian neurons.
Nedd4-1 Is a Major Target of mTORC1 Signaling in Neurite Development.
To investigate the physiological importance of PTEN-regulated Nedd4-1 expression in developing neurons, we studied the impact of genetic elimination of Nedd4-1 on neurite development in the PTEN KO background (Fig. 4 A-E). Consistent with a previous report (11) , PTEN KO led to hypertrophy of neurites (Fig. 4 A and  B) . Strikingly, additional KO of Nedd4-1 in PTEN KO neurons partially rescued the neurite hypertrophy (Fig. 4 B-E), indicating that Nedd4-1 is a prominent regulator of neurite growth downstream of PTEN-dependent signaling. This rescue of neurite hypertrophy in PTEN;Nedd4-1 double KO neurons was accompanied by a rescue of the change in synapse numbers, as indicated by analyses of miniature excitatory postsynaptic currents (Fig. S7) . To study whether mTORC1 is involved in the PTEN-and Nedd4-1-dependent regulation of neurite growth, we applied rapamycin to cultured control and Nedd4-1 KO neurons and quantified the neurite complexity (Fig. 4 F-K) . Consistent with previous findings (25) , rapamycin treatment reduced the complexity of distal neurites in control neurons (Fig. 4 F, G , J, and K). In Nedd4-1 KO neurons, on the other hand, the effect of rapamycin was not significant (Fig. 4 H-K), indicating that mTORC1 functions upstream of Nedd4-1 and plays a role in the regulation of Nedd4-1 expression to promote neurite growth. Of note, the extent of the effects of rapamycin (Fig.  S8 A-F) or additional KO of Nedd4-1 (Fig. 4 A-E) in PTEN KO neurons was partial in both cases, indicating that pathways independent of mTORC1 and Nedd4-1 also contribute to the hypertrophy of neurites in PTEN KO neurons. In addition, rapamycin treatment had hardly any effect on dendrite growth in PTEN; Nedd4-1 double KO neurons (Fig. S8 G-J) , further supporting the notion that Nedd4-1 operates downstream of mTORC1. Interestingly, whereas PTEN KO neurons tend to project more than one axon because of deregulation of another signaling molecule downstream of PTEN, GSK3β (12) , this gain-of-function phenotype in axon acquisition was independent of Nedd4-1/Nedd4-2 deletion (Fig. S9) . These results, together with our biochemical data (Fig. 3) , indicate that Nedd4-1 is an important downstream effector of the PI3K/PTEN-mTORC1 pathway in the regulation of neurite growth (Fig. 5) . In addition, independent regulatory programs driven by either PTEN or Nedd4-1 may interact and even converge upon a common cell biological process, such as neurite growth.
Discussion
In mammalian neurons, PTEN KO results in an enhanced dendrite arborization (11) , which is opposite the phenotype of Nedd4-1 KO neurons (15) . On the other hand, overexpression of PTEN causes complex phenotypic alterations, including defects in axon specification (12) and increased apoptosis (27) , which are not complemented by opposite phenotypic changes upon Nedd4-1/Nedd4-2 loss (Figs. S2 C-E and S9). This partial lack of complementarity between PTEN KO and Nedd4-1;Nedd4-2 double KO phenotypes indicates that Nedd4-family E3 ligases are not upstream regulators of PTEN in developing mammalian neurons. In accord with this notion, we show here that mammalian Nedd4-1 and Nedd4-2 regulate axon growth ( Fig. 1 ) in a manner that is not paralleled by changes in the activity, ubiquitination levels, or subcellular compartmentalization of PTEN ( Fig. 2 and Fig. S5 ). Our data clearly indicate that alterations in PTEN levels, localization, or function cannot be involved in the regulation of axon growth by Nedd4-family E3 ligases in the mammalian brain. Moreover, only a very minor fraction of endogenous PTEN is ubiquitinated in the developing mouse brain (Fig. 2C) , indicating that the ubiquitination-mediated regulation of PTEN may not be as functionally pervasive in mammalian central nervous system neurons as it appears to be in other tissues and organisms (10, 28) . However, we cannot exclude the possibilities that PTEN ubiquitination by Nedd4-family E3 ligases is only functionally relevant in specific neuron types such as X. laevis retinal ganglion cells and mammalian peripheral neurons (16, 17) , or that ubiquitination of PTEN occurs only in specific contexts such as neuroprotection upon ischemic stress or zinc insult (23, 29) . Beyond merely excluding a role of Nedd4-family E3 ligases in the regulation of PTEN levels, localization, or function in mammalian brain neurons, our study provides evidence for a strikingly inverse scenario, according to which PTEN antagonizes the PI3K-mTORC1 pathway to limit Nedd4-1 mRNA translation and neurite growth. Importantly, our model (Fig. 5) , in which PTEN acts as an upstream negative regulator of Nedd4-1, can also account for the inverse correlation between expression levels of PTEN and Nedd4-1 found in previous studies (9, 22, 23) . Further data supporting our model include a recently published study that revealed a reduction in the translational efficiency of Nedd4-1 mRNA in the presence of an mTORC1 inhibitor (26) . Of note, the 5′ untranslated region (5′UTR) of Nedd4-1 (GenBank accession no. NM_010890) mRNA contains a pyrimidine-rich sequence stretch that is related to the 5′ terminal oligopyrimidine (5′TOP) motif. This 5′TOP motif is important for anchoring protein translation initiation factors to the 5′ cap structure of mTORC1 target mRNAs (26) . The pyrimidine-rich sequence in the 5′UTR of Nedd4-1 mRNA may therefore play a similar role as the 5′TOP motif in starting translation of Nedd4-1 mRNA in an mTORC1-dependent manner. In view of further evidence indicating an important role of protein synthesis in neurite growth (25, 30, 31) , our data are compatible with the notion that Nedd4-1 mRNA is a major target of the translational machinery in growing neurites. 5 . Model of the regulation of Nedd4-1 by the PI3K/PTEN-mTORC1 signaling pathway during neurite growth. PI3K catalyzes the phosphorylation of PtdInsP 2 to generate PtdInsP 3 (e.g., in response to growth factor or hormone stimulation). PTEN converts PtdInsP 3 back to PtdInP 2 and thus antagonizes the effect of PI3K. Elevated PtdInsP 3 levels lead to the phosphorylation of AKT, which further phosphorylates GSK3β and mTORC1. The phosphorylation of GSK3β promotes axon acquisition in neurons (12) . On the other hand, AKT-dependent activation of mTORC1 stimulates downstream pathways that include the protein translation machinery. Nedd4-1 is important for neurite outgrowth but dispensable for axon acquisition, and its mRNA is a prominent target of regulation by mTORC1 at the translational level. Nedd4-1 is not responsible for PTEN ubiquitination or regulation in developing mammalian neurons.
